IMPORTANCE Anesthesia and surgery are believed to act on the central nervous system by a fully reversible mechanism innocuous to nerve cells. Evidence that neurological sequelae may follow would challenge this belief and would thereby suggest a need to reassess theories of the mechanism of anesthetic action or the response of the central nervous system to surgery.
S ince the first public demonstration of general anesthesia in 1846, it has generally been believed that the state of general anesthesia is temporary, reversible, and nondamaging to the central nervous system (CNS). This belief stemmed from the empirical observation that most patients rapidly recovered their mental faculties after anesthesia and surgery. Consequently, theories of the mechanism of anesthesia have universally encompassed processes that are fully reversible and do not damage the CNS. These theories have evolved over time and have ranged from the purely physicochemical (eg, the Overton-Meyer theory 1 ), to current theories that evoke receptor mechanisms involving γ-aminobutyric acid activation, 2 N-methyl-D-aspartate receptor blockade, and changes in neural connectivity. [1] [2] [3] Regardless of the specific mechanisms, all these theories imply the belief that general anesthesia does not cause neuronal damage but rather acts on the CNS by a fully reversible mechanism. Our implicit faith in the safety of anesthesia and surgery on the CNS has been at odds with some clinical observations, however. Cognitive decline after anesthesia and surgery, particularly in elderly patients, is now well recognized, with an incidence 3 months after surgery of approximately 10%. 4, 5 Research into postoperative cognitive decline has focused on causes external to the CNS, including physiological perturbations such as hypoxemia, hypotension, cardiopulmonary bypass, 6 or neuroinflammation. 7 Primary neurological damage by anesthesia or surgery in humans has rarely been seriously entertained. However, neuronal proteins are released to plasma in response to acute neuronal injury (eg, acute brain trauma and concussion), as well as acute ischemia, where the degree of increase correlates with severity of injury and clinical outcome. [8] [9] [10] This is analogous to the release of the troponins after myocardial infarction, which correlates with degree of damage to myocardial cells. 11 As substudies of 2 clinical studies investigating cognition after anesthesia and surgery, we used highly sensitive assays in blood to measure neurofilament light (NFL) and tau, 2 biomarkers of neurological injury, in participants in the first 48 hours after surgical incision as a means of assessing neuronal injury induced by anesthesia and surgery.
Methods
Data reported here were derived from blood samples obtained from participants in 2 observational clinical studies approved by St Vincent's Hospital Melbourne Human Research Ethics Committee. Written informed consent was obtained from all participants. The first study is the Cerebrospinal Fluid and Preclinical Alzheimer Cognitive Trajector y (CAPACITY ) study (ACTRN12612000493842), and the second is the Assessment and Review of Cognition, Alzheimer Disease, and Inflammation in Elderly Patients After Hospital Intervention (ARCADIAN) Study (ACTRN12615001070527). Both studies recruited patients 60 years and older who were undergoing surgery with general anesthesia that consisted of either a volatile agent (sevoflurane or desflurane) or intravenous anesthesia (propofol). The general anesthesia type was chosen according to the preference of the anesthesiologist. For hip and knee arthroplasty, general anesthesia was usually administered in combination with spinal anesthesia (bupivacaine). Patients undergoing knee arthroplasty may have also received femoral nerve or sciatic nerve blocks (ropivicaine).
The CAPACITY study initially recruited 59 participants commencing in June 2013. However, blood sampling was only introduced from January 2014 through August 2014, 12 and therefore samples were taken from 13 of the 59 participants (22%). Data from these participants are included in this study. The ARCADIAN study commenced in May 2015. By August 2015, 17 participants had undergone sequential blood sampling. Combining these participants with those of the CAPACITY trial resulted in a total cohort size of 30 people.
Blood for both studies was sampled preoperatively and at 6 hours, 24 hours, and 48 hours after surgical incision; an additional sample was taken at 30 minutes after surgery for the participants in the ARCADIAN study. The identical blood sampling times in adults of similar age undergoing general anesthesia and surgery provided an opportunity to pool blood assay results.
Blood samples (approximately 10 mL) were taken and stored on ice in vacutainer tubes (Becton Dickinson) containing the anticoagulant EDTA. Within 1 hour, these tubes were centrifuged at 4°C for 10 minutes at 4000 revolutions per minute, and then 500 μL aliquots were pipetted into Eppendorf tubes (Becton Dickinson). Samples were stored at −80°C before being transported by medical courier on dry ice at −80°C to the Clinical Neurochemistry Laboratory at Sahlgrenska University Hospital, Mölndal, Sweden, for analysis.
Plasma tau concentrations were measured using a commercial kit developed for the single molecule array (Simoa) platform (Quanterix). 13 This assay uses antibodies against Nterminal tau sequences and is also likely to measure all forms of tau, irrespective of posttranslational modifications. Plasma NFL concentration was measured using an in-house assay on the Simoa platform.
14 Because the assays were relatively new, different lots may give different absolute concentrations. All measurements for
Key Points
Question Do anesthesia and surgery lead to changes in levels of neurofilament light and tau, 2 biomarkers of neurological injury now detectable in blood?
Findings In this study, mean plasma neurofilament light increased postoperatively to a maximal increase at 48 hours. Tau levels also increased significantly from baseline with a peak increase at 6 hour postoperatively, after which they declined but still remained elevated for at least 48 hours.
Meaning These findings indicate that general anesthesia and surgery exert neurotoxicity on the central nervous system, which has implications for both neurological outcomes and for the mechanism of anesthesia.
Association of Plasma Neurofilament Light and Tau Levels With Anesthesia and Surgery
Original each study were performed in 1 round using 1 batch of reagents by board-certified laboratory technicians blinded to clinical information. Intraassay coefficients of variation were less than 10% for all measurements, indicating that relative changes are valid to compare. Therefore, for the analysis of change over time, the percentage of change from baseline in each individual was used. The ARCADIAN and CAPACITY studies included follow-up for cognitive testing up to 18 months after surgery. Because analysis of these data is still undergoing for the 2 studies, no data on cognition are included in this analysis.
Statistical Analysis
Group comparisons were made using independent t tests for continuous variables, the Pearson correlation coefficient for continuous variables, and the χ 2 or Fisher exact test for dichotomous data. All hypothesis testing was 2-tailed. A P value of less than .05 was used to indicate significance. Generalized linear models were used for multivariable analysis. Tests were performed using Stata, version 14.0 (StataCorp). The data were initially reviewed in August 2016, and full statistical analysis was done in October 2016 and finalized in December 2016 and February 2017.
Results
For the CAPACITY study, 690 patients were screened, resulting in 59 participants enrolled, of whom 13 underwent sequential blood sampling. For the ARCADIAN study, 1117 patients were screened to enroll the first 17 participants for this investigation. The mean (SD) age was 69.1 (7.0) years, and 18 of 30 patients (59%) were female. In total, there were 30 study patients, of whom 23 underwent major lower limb surgery with general anesthesia and spinal and/or perineural blockade (17 hip arthroplasty, 5 knee arthroplasty, and 1 vascular surgery), and 7 underwent major cavity surgery (6 cardiac surgery and 1 esophagogastrectomy with an epidural). General anesthesia was induced with propofol and maintained with either volatile anesthesia (sevoflurane in 10 patients and desflurane in 1 patient) or propofol infusion (19 patients). Fentanyl was used to supplement the anesthesia in all patients. The mean plasma NFL values were significantly different between the 2 study groups at baseline (Table) . The baseline values for both NFL and tau are shown in Figure 1 . Blood samples were analyzed at 30 minutes (16 of 17 ARCADIAN participants; 94%), 6 hours (28 of 30; 93%), 24 hours (29 of 30; 97%), and 48 hours (26 of 30; 87%) (Table) .
Mean plasma NFL levels increased at each measurement from baseline, from a combined baseline mean (SD) of 22.3 (20.4) pg/mL to a maximal combined mean (SD) of 35.1 (28.7) pg/mL, an increase of 67% (95% CI, 45%-89%; P < .001), at 48 hours postoperatively (Figure 2) . The changes from baseline were a combined mean change of −6.4% at 30 minutes (95% CI, 43%-21%; P = . 20 pg/mL). Generalized estimating equation modeling showed a significant association between increasing NFL levels and postoperative time course (β coefficient, 1.17; P < .01).
Mean plasma tau levels increased at each point from baseline, from a combined baseline mean (SD) of 3.1 (1.3) pg/mL to a maximal combined mean (SD) of 10.8 (9.5) pg/mL, an increase of 257% (95% CI, 154%-361%; P < .001), at 6 hours postoperatively ( Figure 3) pg/mL); and 39% at 48 hours (95% CI, 19%-60%; P < .001; mean [SD], 4.1 [2.2] pg/mL). Tau levels began to decline to baseline after 6 hours, but remained elevated after 48 hours.
Discussion
Neurofilament light, a component of the axonal cytoskeleton, is a sensitive marker of CNS axonal injury, and cerebrospinal fluid levels have been shown to predict severity of neuronal injury in a number of neurodegenerative diseases, 15 including multiple sclerosis, HIV infection, and Alzheimer disease. Tau proteins are an integral component of neuronal microtubules and contribute to axonal integrity. Hyperphosphorylated tau is the hallmark of several neurodegenerative disorders (tauopathies) 16 and is reflective of abnormal tau metabolism leading to tau microfilament tangles and neuronal damage or death. The advent of the Simoa technique has recently allowed assays of NFL 18 and tau 17 in blood, obviating the need for lumbar punctures and facilitating repeat assays in the perioperative period.
We found a significant and rapid increase in plasma NFL and tau in response to anesthesia and surgery, regardless of the anesthetic technique or type of surgery. Levels of NFL continued to increase at 48 hours after surgical incision, but levels of tau peaked at 6 hours. The pathophysiological background for the different incremental time courses for tau, which had a rapid increase peaking at 6 hours, and NFL, which showed a slower profile with a continuous rise through the last 48 hours sample, is unclear. It is likely owing to differential mechanisms of release from damaged neurons, different routes of clearance from the brain to the blood (via either cerebrospinal fluid or the lymphatic system), different metabolism, or different degradation in the bloodstream, or combinations thereof. Nevertheless, these differing incremental time courses for tau and NFL closely match what has been found in other studies with repeated blood sampling in patients with acute brain injuries. 8, 9 Plasma levels of NFL reflect injured and/or degenerating neurons and correlate closely with cerebrospinal fluid levels. 19 In contrast to chronic neurodegenerative disease, the NFL levels described here reflect an acute response to the precipitating event of anesthesia and surgery, which may be more analogous to acute traumatic brain injury. 9 After traumatic brain injury, plasma NFL continues to increase for up to 2 weeks. 9, 20 Changes in plasma tau provide further confirmatory evidence of a response in the brain. Plasma tau increased more rapidly than plasma NFL and then began to decrease over the subsequent 48 hours.
These findings come at a time when there is concern about the neurological impact of general anesthesia and surgery in both very young patients 21, 22 and elderly patients. 23 In young patients, this concern is mostly based on animal studies, which have suggested a variety of possible mechanisms. 24 In elderly patients, there is little information on structural changes associated with general anesthesia and surgery. 24 Animal studies suggest that outcomes of anesthesia use may mimic Alzheimer disease in the members of the older population who are vulnerable. 25, 26 This was also an assumption when increases in levels of tau in cerebrospinal fluid were found after general anesthesia and surgery. 27,28 The current study suggests that the increase in tau may not reflect Alzheimer disease processes, but rather the neuronal injury associated with the release of NFL from axonal damage.
Limitations
Although anesthesia has historically been seen as the main culprit causing cognitive decline because its target organ is the brain, anesthesia and surgery invariably accompany each other in clinical practice. This makes it difficult to separate any potential injurious outcomes of surgery (eg, stress or inflammation) from any potential damaging outcomes of anesthesia by itself.
One may speculate that clinical cognitive decline may not become apparent until a critical reserve of neurons or synapses have been depleted or functionally impaired in a process analogous to renal or hepatic failure. In this regard, we await the cognitive assessments of participants in the trials described herein.
We strongly encourage others to repeat these assays to confirm or refute these findings. Additionally, and more urgently, these neurological biomarkers should be assessed in children in order to help resolve the current controversy surrounding neurological outcomes in infants. 22 
Conclusions
This finding is important for our understanding of the impact of general anesthesia and surgery on the brain. For more than 170 years, anesthesia and surgery have been considered to act by a reversible mechanism that does not injure the brain. The increases in plasma NFL and tau identified in this study indicate that this may not be the case. The measurement of an increase in neurological biomarkers after anesthesia and surgery suggests a neuronal injury has taken place.
